167 gradually changing properties. The most highly chlorinated sample which was obtained consisted of hypochlorite mixed crystal, CaCl2 . 4H 20 and CaCl2 . Ca(OH)2 . H aO.
In a recent paper * an account has been given of the author's investi gations on the constitution of water as affected by the solution in it of several typical electrolytes. It was found from a study of the Raman band of water in solutions that the effect of the dissolved substance on the behaviour of the solvent is to cause a shift of the water equilibrium between the single (H aO), double (H 20 ) 2 and triple (H aO)3 molecules supposed to exist in water, as is evidenced from changes in the intensity distribution of the band. These changes were also partly attributed to association of the molecules of the solvent with the ions of the solute to form complex compounds known as hydrates, the extent of hydra tion being greater for those substances which are known to crystallize with a large amount of associated water. Different electrolytes, when studied at the same concentration, exhibited marked differences in the structure of their Raman water band, the maximum of the band being shifted by different amounts for the different substances. But, when their water content is equalized, especially with the acids studied, the differences noticed at the same concentration of the electrolytes tended to disappear, the bands becoming increasingly similar. This seemed to indicate that the changes observed in the structure of the band are caused more by changes in the constitution of water itself rather than by differences in the nature of the solute. Nevertheless, even with solutions containing the same amount of water, certain minor differences in the structure of the band continued to persist with the acids, and they were even considerable with the salts. Also, the water-band in solutions of sodium nitrate, for example, was much sharper than that with nitric acid, on the one hand, and with solutions of lithium nitrate and chloride on the other; the latter are known to crystallize in general with a far larger amount of water of crystallization than the sodium salts. These results are taken to show the existence of hydration in solution, the extent and complexity of which varies for different substances. It is proposed to deal in this paper with the effect of a change of temperature on the constitution of water in electrolytic solutions.
Ramakrishna Rao,* working with water at different temperatures, found that the maximum of the Raman band for water shifted to the side of higher frequency with rise of temperature, thus resulting in a change in the relative distribution of intensity along the band. This he inter preted as due to a change in the proportions of the three types of molecules assumed to exist in liquid water; the number of the triple molecules corresponding to the lower frequency side of the band decreasing while that of the single molecules corresponding to the higher frequency side increasing with rise of temperature. The proportion of the double molecules corresponding to the central component of the band remains more or less constant with change of temperature.
Jones and Bassetf examined the relation between water of crystal lization and temperature of crystallization of a large number of substances and arrived at the conclusion that the hydrates are unstable systems, readily breaking down in solution with rise of temperature. They are more stable and more complex the lower the temperature.
In a series of investigations on the temperature coefficients of con ductivity and dissociation of aqueous solutions of substances, Jones and his collaborators lf ound (i) that the ions which have the greatest hydrating power have also the largest temperature coefficients of conductivity; (ii) that as the temperature is raised, those substances, which possess equal hydrating power exhibit nearly the same temperature coefficients of conductivity; (iii) that the temperature coefficient for any given sub stance is greater at the higher dilution than at the lower; and that the higher the temperature the greater is the temperature coefficient of con ductivity. All these results have been interpreted as indicating clearly that the effect of increase of temperature is to break down the hydrates present in solution into simpler ones or into free ions and water molecules. Thus, owing to a diminution in mass, there is an increase in the velocity of ions which conduct electricity through the solution.
In the light of the above work, it appears that there are two types of changes possible in the constitution of water with change of tem perature: (1) a change in the water equilibrium similar to that observed by Ramakrishna Rao in pure water ; and (2) a change in the amount of water of hydration as postulated by Jones and his co-workers. A study of the Raman band of water in solutions of a few electrolytes at different temperatures has revealed certain features which appear to throw some light on this problem. The present paper contains a description and discussion of the results obtained.
2-Experimental D etails
The experimental arrangement employed in these investigations is that due to Wood,* in which the experimental tube and the illuminating mercury lamp are kept horizontal one over the other. For work at the higher temperatures, the Wood's tube containing the solution under study is heated by passing a current through an adjustable series resistance and a nichrome wire which is wound round the experimental tube in the form of a wide spiral. The temperature is maintained constant to within ± 1° C by working under steady conditions of voltage and current supply. A solution of cobalt chloride has been used as the filtering solution and is contained in a cylindrical Pyrex glass condenser interposed between the mercury lamp and the Wood's tube. The temperature of the liquid was noted from time to time by inserting a thermometer through the open end of the containing tube. The exposure was started each time after absolutely steady conditions had been attained and the thermometer had indicated a constant temperature for over half an hour.
Of the electrolytes previously studied, sulphuric acid among the acids and sodium nitrate and lithium chloride among the salts have been chosen for the present investigations, all of them being studied at the same concentration, viz., 8N. Nitric and hydrochloric acids could not be studied, as they fume excessively at the higher temperatures and, therefore, suffer a loss in their acid content. Work with pure water is also repeated at the temperatures at which the electrolytic solutions have been studied, viz., 31° C, 65° C, and 95° C, so as to afford a more reliable comparison of the results obtained for each solution individually and as compared with the other solutions and the pure solvent.
3-Results
Fig . 1 gives the intensity curves of the Raman band excited by the X 3650 group (v = 27340 cm-1) of mercury lines in pure water at 31° C, 65° C and 95° C.
An examination of the intensity curves shows that-(i) the maximum of the band, as also the band as a whole, is shifted to the side of higher frequency with increase of temperature;
(ii) the band gets narrower with rise of temperature;
(iii) the lower frequency side of the intensity curve, which is decidedly convex at the lowest temperature-31° C, gets less convex at the higher temperature-65° C, and becomes even concave at the highest temperature studied-95° C. From a study of the intensity curves, the following results are obvious with increase o f temperature-(i) there is a shift in the position of the intensity maximum of the band, as well as of its lower frequency side, towards higher frequency;
(ii) the band gets sharper;
(iii) the portion of the intensity curve on the lower frequency side becomes less and less convex, that on the higher frequency side remaining more or less unaltered either in its position or its shape. With sulphuric acid also, as with solutions of lithium chloride and sodium nitrate at 8N concentration, similar results are obtained, except for the somewhat broadened appearance of the band together with a 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 $v in cm-1 FiO-1-Intensity distribution along the Raman band in pure water. ---------at 31 ° C ; --------at 65° C ; -------at 95° C shift of the higher-frequency portion of the intensity curve further to the side of higher frequency at 95° C. Thus, with water as well as with solutions of lithium chloride, sodium nitrate and sulphuric acid at the same concentration, 8N, the same results have been obtained with increasing temperature, viz., (i) a shift in the intensity maximum to the higher frequency side; (ii) an increased sharpen-3000 3100 3200 3300 3400 3500 3600 3700 3800 8v in cm-1 Fig. 2 -Intensity distribution along the Raman water-band, in 8N LiCl. 31° C ; --------at 65° C ; -------at 95° C 3000 3100 3200 3300 3400 3500 3600 3700 3800 8v in cm-1 Fig. 3 -Intensity distribution along the Raman water-band in 8N NaNO«.
31° C ; --------at 65° C ; -------at 95° C ing of the b a n d ; and (iii) a decreasing convexity in the shape of the lower frequency branch of the intensity curve. Table I gives the positions of the intensity maximum of the band in the several cases at the different temperatures. N aN O s, 8 N ................... ..... band, found that the observed changes in the relative distribution of intensity along the band could be best explained on the hypothesis of the existence of three types of molecules in liquid water corresponding to (H20), (HsO)2, and (H20 )3 with the positions of their maxima at 3610 cm-1, 3413 cm-1, and 3195 cirr1, respectively. Rise of tempera ture, as has been mentioned earlier, caused a shift of the intensity maximum of the band to the higher-frequency side, which was explained as due to an increase in the proportion of the single molecules and a decrease in that of the triple molecules, while the proportion of the double molecules remains practically constant. The author has repeated the work with pure water at the three temperatures 31° C, 65° C and 95° C, and obtained similar results, fig. 1 .
------------------------------------------------------s
The effect of a rise in temperature on the constitution of water in electrolytic solutions may be either (i) a change in the water equilibrium due to variation in the proportions of the single, double and triple molecules; or (ii) increase of temperature of the solution may result in the dehydration of the existing hydrates, or a breaking down of the more complex hydrates into simpler ones. It has been shown* that the effect of the dissolved electrolytes on the constitution of the Raman water-band is to make it sharper than in the pure solvent and, in general, to cause a shift in the intensity maximum, as well as in the position of the band as a whole, towards higher frequency. It is now seen that the effect of a rise in temperature of the solution is to enhance both these effects.
From the general similarity of the results obtained with solutions of the electrolytes studied at different temperatures and those obtained with pure water, it would seem that similar causes are operative, and that, therefore, the effect of a change in temperature on the constitution of water in solutions of electrolytes is to alter the water equilibrium between the proportions of mono-, di-and tri-hydrol. Thus the shift in the intensity maximum of the band with increase of temperature to the higherfrequency side-the portion of the water-band which is attributed to single molecules-and the decreasing convexity in the shape of the intensity curves on the side of lower frequency at the higher temperatures would mean an increase in the proportion of the single molecules together with a simultaneous diminution in that of the triple molecules. Also, the greater sharpness of the band at the higher temperatures, as compared with the lower, points to the same conclusion, namely, a decrease in the proportion of the triple molecules, for, while the higher-frequency portion * Siva Rao, ' Ind. J. Phys., ' vol. 9, p. 195 (1934). of the intensity curve remains more or less unchanged, the lower frequency branch is shifted to the side of higher frequency.
In addition to the change in water equilibrium with rise of temperature, there may be the other effect due to a change in the hydration of the ions of the dissolved substance. For, as was mentioned earlier in § 1 of this paper, there is evidence, both from the previous work of the author and from that of Jones and his co-workers, which indicates the existence of hydrates in aqueous solutions of strong electrolytes. Further, it was shown from the work of Jones and his co-workers {loc. cit.) that the effect of a rise in temperature is to cause a breaking down of the hydrates present in solution either totally or partially depending on the temperature.
The effect of water of hydration on the structure of the Raman waterband appears to be a shift in the portion of the band attributed to single molecules to the side of lower frequency corresponding to complex water-molecules. Nisi,* working with a large number of crystals con taining different amounts of water of crystallization, found that, in general, water of crystallization gives rise to one diffuse band with mean frequency shift 3420 cm-1; but, in crystals which exhibit a low degree of symmetry, other bands with mean frequency shift equal to 3210 cm-1, and less often those with 3495 cm-1, are obtained. The two bands with Sv = 3210 cm-1 and 3420 cm-1 have been explained by Ramakrishna R aof as corresponding to the 3195 cm-1 and 3413 cm-1 components of the Raman band for water attributed to the (H 20 ) 3 and (H 20 ) 2 molecules respectively. If this explanation is valid, then it would appear that water of crystallization exists as double and triple molecules. Further, it was found that only those molecules, which contain three, or more than three, molecules of water of crystallization give rise to the 3210 cm-1 band attributed to triple molecules, and those that contained less than three did not show this band, thus supporting the above hypothesis. When dissolved in water, the dissociated ions of those substances which crystal lize with associated molecules of water, naturally combine in solution with the molecules of the solvent to form hydrates. The effect of forma tion of hydrates on the structure of the Raman water-band in solutions may, therefore, be similar to the effect of water of crystallization; that is to cause a shift in the band to the lower-frequency side ascribed to complex water-molecules. The extent of the shift may increase with the number of hydrates formed as also with their complexity.
It is obvious from the above explanation that a dissociation of the hydrates present in solution into free ions and simple water-molecules, or into simpler hydrates and water-molecules, should result in a shift ot the maximum of the band as also of its lower-frequency portion to the higher-frequency side; and this was exactly the observed result. The decreasing convexity in the shape of the lower-frequency branch of the intensity curve of the water-band at the higher temperatures and the gradual shift of this branch to higher frequency with increase of tempera ture, indicate the decreasing proportion of the more complex hydrates with rise of temperature, as their maximum of intensity naturally falls on the lower-frequency side corresponding to complex water-molecules. The increased sharpness of the band at the higher temperatures also points to the same conclusion.
There is one peculiar feature observed in the behaviour of the solution of sulphuric acid at 95° C as compared with the other solutions studied. Its water-band at this temperature shows an. increase in intensity on the higher-frequency side corresponding to single water-molecules, as can be seen from its intensity curve given in fig. 4 , which shows an increased broadening on this side together with a shift of the higher-frequency branch of the curve further to the side of higher frequency. From a study of the specific gravities of the acid-water mixtures, freezing-point curves and other physical properties, it has been found* that sulphuric acid forms a very large number of hydrates of varying complexity in its aqueous solutions, depending on temperature and concentration. The increased intensity at 95° C of its Raman water-band on the higher frequency side would point to the conclusion that at this high temperature most of its hydrates are perhaps completely dehydrated into free ions and single water-molecules (HaO), in addition to some of them partially breaking down into single water-molecules and simpler hydrates with one associated molecule of water of hydration.
The observed results with change of temperature of solutions of the electrolytes studied here thus appear to be due to a change in the pro portions of the three types of water-molecules causing a change in the water equilibrium, as well as due to a change in the water of hydration of the ions of the dissolved substance. It is difficult to say how far each of these effects contributes to the observed results, as both of them produce the same results and cause the same variations in the structure of the Raman water-band. From the general resemblance between the results obtained with the pure solvent and with solutions of electrolytes with rise of temperature, it would appear that a change in water equilibrium is largely responsible for the observed phenomena. But, the fact that the shift in the lower-frequency branch of the intensity curves of the water-band is greater for solutions of lithium chloride and sulphuric acid than for a solution of sodium nitrate at the same concentration and for the same rise of temperature, shows that the effect of a change in hydration of the ions of the dissolved substance is also, at least in part, the cause of the results noticed above; for, it is generally known that lithium chloride and sulphuric acid have far greater hydrating power* in solution than sodium nitrate, and it is but natural that a rise in temperature, which results in a breaking down of the hydrates present in solution, should have greater effect on the former substances than on the latter. That this is so is also supported by the work of Jones and his co-workers on the hydrate theory of solution referred to above.
It would, therefore, appear that both the causes are operative in pro ducing the observed results. And it is not possible to assign exactly what part is due to a change in the water equilibrium and what portion arises out of a change in the hydration of the ions of the solute, unless we have some means of clearly distinguishing between the effect of each on the structure of the Raman water-band in solutions of dissolved electrolytes.
In conclusion, the author desires to express his sincere thanks to Dr. I. Ramakrishna Rao for his kind interest and advice throughout the progress of the investigation.
5-Summary
The effect of a rise in temperature on the constitution of water in the pure liquid and in 8N solutions of LiCl, N a N 0 3, and H 2S 04 has been investigated by a study of the structure of the Raman water-band in them.
It is found that rise of temperature of the electrolytic solution is accompanied by the following changes: (i) the position of the intensity maximum of the band, as well as its lower-frequency portion, is shifted towards higher frequency; (ii) the portion of the intensity curve on the lower-frequency side becomes less and less convex, while that on the higher-frequency side is more or less unaltered either in position or in shape; (iii) the band gets sharper, except in sulphuric acid at 95° C, which exhibits an increased broadening at this temperature, together with a shift of the higher-frequency branch of its intensity curve still more to the side of higher frequency. 
N
All the above results have been explained as being caused by a simpli fication of the more complex water-molecules into the simpler types, as well as by a breaking down of the more complex hydrates into less complex ones and simple water-molecules with rise of temperature.
The peculiar result of increased broadening of the band noticed at 95° C in sulphuric acid has been interpreted as due to a breaking down at this high temperature of the hydrates present in solution into free ions and single water-molecules and some of them, perhaps, into single watermolecules and hydrates with one associated molecule of water of hydra tion.
